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Bacterial c-di-GMP Is an Immunostimulatory Molecule* 
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Cyclic diguanylate (c-di-GMP) is a bacterial intracellular signaling molecule. We have shown that treatment with exogenous 
c-di-GMP inhibits Staphylococcus aureus infection in a mouse model. We now report that c-di-GMP is an immodulator and 
immunostimulatory molecule. Intramammary treatment of mice with c-di-GMP 12 and 6 h before S. aureus challenge gave 
a protective effect and a 10,000-fold reduction in CFUs in tissues (p < 0.001). Intramuscular vaccination of mice with 
c-di-GMP coinjected with 5. aureus clumping factor A (ClfA) Ag produced serum with significantly higher anti-CUA IgG Ab 
titers (p < 0.001) compared with ClfA alone. Intraperitoneal injection of mice with c-di-GMP activated mionoeyte and 
granuloc\te recruitment. Human immature dendtitic cell' (D( s) cultuied in the presence oi c-di-(;\lP slnrntd increased 
Lxprtssio I of tosinnui-Hort moktuks CD80/CDS6 and matui.iUon inaikti C083, mcica ed MIIC class li and c> 
tokmes and chemokines such as lL-12, lIN-y, lL-8, M(;P-I. IFN-y-inducible protein 10, and RAMES, and altered expres- 
sion of chemokine receptors mclitdinf! (XRl, CCR7, and CXCR4. c-di-GMl'-matiired Dt's demonstrated enhanced T cell 
stimulatorv activitv. c-di-(.MP activated p38 MAPK in human DCs and ERK phosphorylation in human macrophages. 
c-di-GMP is stable m human serum. W e propose that cyclic dinucleotides like c-di-GMP can be used clinically in humans and 
animals as an immunomodulator, immune enhancer, immunotherapeutic, immunoprophylactic, or vaccine adjuvant. The 
Journal of Immunology, 2007, 178: 2171-2181. 



Cyclic diguanylate (c-di-GMP)-* (3 ',5 '-cyclic diguanyhc 
acid or cGpGp) was first identified in Acetobacter xyli- 
num (renamed Gliicomicetobacter xylinus) as an intra- 
cellular allostenc activator reguiatinc cellulose production (1-5). 
c-di-GMP has only been tound m bacteria and not eukaryotes. 
suggestmg that the molecule and c~di-GMP-mediated signaling is 
an exclusively bacterial trait (5-9). c-di-GMP is now increas- 
ingly being recognized as an ubiquitous mtracellulai- signalinc 
molecule in many microbial species. Ihe level ot intracellular 
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c-di-GMP m some species is believed to be regulated by the 
opposing effects of diguanylate cyclases for c-di-GMP synthe- 
sis from GIP and c-di-OMP phosphodiesterase tor breakdown 

to 5'-GMP and each controlling the level of c-di-GMP in the 
cell. c-di-GMP has been shown to influence bacterial cell sur- 
vival, cell diflerenliation. colonization and biofilm formation, as 
well as bacteria-host interactions f2. 3. 5-18). Although the role 
ot intracellular c-di-GMP m bacteria is now recognized and is 
becoming an intense held ot research, we have been studying 
the effect ot this microbial molecule in the context of other 
biological systems and its potential chmcal and therapeutic use 
lor the prevention and inhibition of infection and disease 
(19-22). 

We have previously demonstrated that exogenous c-di-GMP 
sumilicantlv reduces in vitro cell-cell interactions and biofilm 
formation ot Staphylococcus aureus, including human methi- 
ciUin-resisiant S. aureus strains and animal clinical isolates (6, 
19). We have also previously demonstrated in vivo chnical 
nroot-of-concept efficacy that treatment with c-di-GMP (200 
nmol) signihcantly attenuates S. aureus infection and reduces 
cell numbers (> 10.000-fold; p < 0.001) in a mouse model of 
infection (21). In this later study, an unexpected hndmg was 
thai c-di-GMP has no apparent inhibitorv or bactericidal eifect 
on .S. aureus m vitro, yet in vivo it signidcantly reduced the 
colonization of the mammary glands bv btonlm-tormmg i. au- 
reus strains. The results of that studv imply that c-di-GMP 
might have a biological eflect on die m vivo environment and 
the host immune response. Until now. the effect ot c-di-GMP on 
the host immune response has not been proposed or studied. In 
this study, we tested the hypothesis that c-di-GMP is not only 
an important microbial sisnaling molecule, but is also a novel 
immunostimulatory agent that can modulate the host immune 
response. 
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FIGTj'RE 1. Structure of c-di-GMP. Ball and stick model of c-di-GMP. 

Light green ball, carbon; light blue ball, nitrogen; red ball, oxygen; dark 
blue ball, phosphoru.s; and white ball, hydrogen. 



Materials and Mt-thods 

c-di-GMP and chemicals used 

The c-di-GMP it-ig. 1) used in tncse .studies was .svnthe,si?,ed and prepared 

p.l\(ir (dsRNA) ind LPS (£'ic/?tHLWtf/)Kl'') were puichaed from 
.MKiiia-Aldricli, Svnlhetic lacylated lipoueptide A-palmitovl-cvstcinc- 
iujuc h me (FAM CSK ) was pmchascd t on Bachcm Fl-^uUm wib 
punned trom Salmonella typhimurtum. Rfs4b (resiquimod) wa.s purchased 
ti-om GL Synthesis. Oligonuclotide CpG^A (GGTOCATCGATGCAGGG 
GOG) used to stimulate monocvte-derived dendritic cells (DCs) was pur- 
chased from InvivoGen. Ihe CpG-A used m activatine plasmacytoid DCs 
(pDCs) was obtained trom Invitrogen Lite Technologies and is called oli- 
godeoxynuclcotrde (ODN) 221 6 (25). 

LPS endotoxin (^Limulus amebocyte hsate assay) test 

A dose of 500 /iiM c-di-GMP was tested for the presence of LPS endotoxin 
using the Limulus amebocyte lysate assay (Charles River Laboratones). 

Pretreatment prophylactic studies in the mouse mastitis model 

The well-cnaractenzed mouse model ol .V. oMrews-mduced ma.stitis (tor 
review, see Ref. 26) was used to evaluate the capacity ot c-di-GMP to act 
as a prophvlactic agent. The protocol used here is similar to that described 
m a previous study (21), except that the c-di-GMP molecule was admin- 
istered before intecuon ol manuoarv glands, instead of after, to evaluate its 
prophylactic capacity. Bricrlv. 12 and 6 h hetore bacterial moculation. sa- 
line or 50 or 200 nmol of c di GMP was administered into the fourth pair 
of abdominal mammary glands of lactaUng CD-I mice. Administration of 
50 and 200 nmol of c-di-GMP corresponded to a dose of 1.0 and 4.1 mg 
of compound per kg ot body weight, respectively, considering an average 
weight of 35 g for a mouse. For inoculation, 100 CFU of S. aureus New- 
bould 305 (ATCC 29740) were imected into each gland and the coloniza- 
tion was allowed tor 10 h. Raw bacterial CFU counts obtained after plating 
senal loganthmic dilutions ot mammary gland homogcnatesi were trans- 
formed m base 1 0 loganthm values. The experiment was repeated and data 
combined tor a total of nine mice (18 elands) per group. Since values 
passed the nomialitv test, bacterial counts were analyzed lor staustical sig- 
iiifit tiice usnu the one way ANOV^ te.- comnn.d ith the Tjk > po,*-cst 
(GrapliPad luslat, version 3.06). The institutional ethics committee on animal 
experimentation ot the Faculte des Sciences ot Universite de Slierbrooke ap- 
proved these experiments and were conducted following the guidebnes ot the 
Canadian Council on Animal Care. 

Vaccine adjuvant studies in mice 

To evaluate the capacity of c-di-GMP to increase Ab production in the 
mouse, the cyclic dinucleotide was used as adjuvant for vaccination with i'. 
aurewi clumping factor A (CH'A) recombinant protein (a surface adhesion 
protein of S. aureus binding fibrinogen), as previously done for ClfA alone 
without adjuvant (27). Two groups of eight CD-I female mice were vac- 
cinated i.m. with 100 /J of .saline containing 25 /itg of ClfA. For one of the 
groups, the solution injected also contained 200 nmol of c-di-GMP. A 
volume of 50 yi was then injected into both quadiiceps. This procedure was 
repeated 2 wk after, for a second injection. Twelve days later, i.e., 26 days after 
the initial injections, blood samples were taken and incubated at SS^C for 1 h 
to allow coagulation and then centrifugcd at 13,000 X g for 10 min at 4°C. 
Sera were harvessted and kept at -20°C until tested. The institutional ethics 
committee on animal experimentation of the Faculte des Sciences of Univer- 
sity de Sherbrooke approved these experiments and were conducted according 
to the guidelines of the Canadian Council on Anunal Care. 
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Total IgGs. ELI3A were used to determine the presence of IgG Abs 
against the CltA Ag m the mouse scrum as previously described (27). 
Polystyrene Maxisorp 96-well plates (Nalge Nunc International) were 
coated tor 2 h with 50 ^1 of recombinant CltA (domain A) protein at a 
concentration ot 10 /xg/ml in caibonate/bicarbonate butler at pH 9.6. Fol- 
lowing saturation of the wells with a solution ot powdered raiifc in PBS 
(5% w/v), overnight at 4-0, 4-told dilutions ot sera (1/1 000-1/64000) were 
added and incubated for 2 h at 35°C and then overmght at 4 'C. Biotinyl- 
ated anti-mouse FgG (I/IOOO) was added and incubated for 2 h at 35=C. 
After 1 h of incubation with streptavidm-HRP (Amersham Pharmacia Bio- 
tech) diluted 1/500. 100 jitl of Sure Blue Tetramethvlbenzidine Peroxidase 
Substrate (Kirkegaard & Perry Laboratones) was added. The enzvme re- 
action was stopped by the addiUon of 50 |id of 1 N HCl after 6 min of 
incubation. Between each step, three washes with PBS-().05% Tween 20 
were conducted. The OD was read on a plate reader (Bio-Tek Instruments) 
at 450 nm. tach sample was tested in triphcate and the OD of the necative 
control wells that thd not contain Ag was subtracted from the CItA-coatcd 
test wells. 

/?G isotypes. ELISA were conducted as for the total IgG assay hut the 
secondiiry Ab was either mouse and-IgG 1 -H RP or mouse anti-IgG2a-HRP 
(BD Phamiingen). and 4-fold dilutions of sera from 1/250 to 1/16,000 were 
assayed. Quantitation ot mouse Abs was achieved as for the total IgG assay 
but the development of coloration was allowed for 10 mm. Bach sample 
was tested m triplicate and the OD of me negative control wells that did not 
contain Ag was subtracted from the ClfA-coated test wells. For the statis- 
tical analysis ot BLISA results, the OD data tor mice vaccinated with the 
c-di-GMP molecule as adjuvant were matched up to the corresponding data 
(isotype and dilution) where mice were injected with saline instead of 
c-di-GMP. One-way ANOVA was used with the Bonferroni post hoc test 
to account tor multiple compansons (GraphPad InStat software, version 
3.06). For all isotypes and dilutions analyzed, statistical significance was 
found to be p < 0.001 between the groups. 

c-di-GMP activates monocyte and granulocyte recruitment 



C57BU6 mice were injected with a volume of 500 iil containiiip 200 nmol 
ot c-di-GMP. Cervical dislocation was pcrtormed after 12 h. afi«r which 
with 10 ml ot cold PBS was injected and the fluid was withdrawn and 
centnfuged at 1400 rpm at 4'C. Fluid was incubated in PB.S/BSA/azide 
plus 24G2 (anti-Fc) for 1.5 mm at 4"C. washed in PBS. then stained and 
analyzed bv FACS analysis (PBS/BSA/azide, 30 min 4°C). Cells were 
stained with directly coupled fluorescent niAb combinations m 200 ml of 
FACS biifter and further coUected on a FACSCaUbur cytofluorometer (BD 
Biosciences). We purchased the following mAbs: fluorescein (FITC)-cou- 
pied .M 1/70 (anti-CDl lb: BD Phanningen), PE-coupled 1A8 (anti-LY-6G: 
BD Pharmiiisen). 7/4 (Caltag Laboratones). and allophycocvanin-coupled 
F.-t./80 (Caltag Laborawnes). Cells were gated according to size and scatter 
to eliminate dead cells and debns from analysis. 

Murine DC isolation 

Muniie splenic DCs were isolated from spleens of C57BU6 mice. Brielly. 
spleens were dissected into small pieces and incubated at 37°C in complete 
RPMI 1640. Cell suspension was obtained by vigorous pipetting and pas- 
ih I Li a ~0 , n inlon mesh filter Alter RBC Ivsis, CDllc DCs 
were isolated using CDllc microbeads according to the manufacturer's 
instructions (Miltenyi Biotec). Ihe cells were >95% CDllc ' as measured 
by FACS analysis. 

Preparation and treatment of human monocyte DCs 
Cytokine, chemokine, and chemokine receptor analysis. BufFy coats 
were obtained from healthy volunteers and fractionated over H st i, ique 
1077. Tlie PBMC layer was recovered and erythrocyte depleted by incu- 
bation in RBC lysis buffer for 5 min at room temperature. PBMCs were 
cultured in complete medium (RPMI 1640, 1 % i.-glutamine, 1% penicillin/ 
streptomycin, <md 10% low endotoxin PCS) for 2 h in T75 flasks (Corn- 
ing). Following incubation, nonadherent cells were removed by three 
washes with IX PBS (Invitrogen Life Technologies). The remaining ad- 
herent cells were then cultured in complete medium supplemented with 
GM-CSF and IL-4 (50 ng/ml each). Human and murine IL-4 and GM-CSF 
were purchased from PeproTech. On days 2 and 4, the DC cultures re- 
ceived an additional dose of GM-CSF and [L-4 (50 ng/ml each). On day 5, 
nonadherent DCs were harve.sted by gentle pipetting, counted, and plated 
in fresh medium containing GM-CSF and IL-4 (50 ng/ml each). On day 6, 
some DCs were matured by addition of 100 ng/ml LPS or 10-400 /xM 
c-di-GMP for 1-24 h. 
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p38 MAPk ngnalmg sturlus Hum m \ h\U s vt t i ol 1 d b f ct)U 
density gradient ceiitntugalion Iroin Icukopacks supplied bv the Ucpart- 
ment of Translusion Medicine (Clmical Center. National Institute of 
Health. Bethestia. MD). Monocytes were purified (>9.5%) from human 
PBMCs with a MACS CD14 monixvtc isolation kit (Mihenvi Biotec) ac- 
cording to thi, mmufnt lur triaiim Dfsv tic s,tricrUt I isdi-jcribed 
previously (28). In briel. DCs were Generated by incubating punfied mono- 
cytes at 2 X 10 /ml m kPMl 1640 containing 10% FBS. 2 mM glutamine. 
25 mM HEPES, 100 U/ml penicillin, 100 (x«/inl streptomycin. 50 ng/ml 
iccombin mt hum i CM CSF iPipu.Te I md ''0 ng/i ll letombinnit hu 
minTT 4 (Pep oTrch it ^7 Cm CU iN 1 iiKub itor lor 7 d \s On d i\s 
i and i ol the incubalion, halt ot the culture medium was reolaced with 
prewiirmed (37°C) fresh GM-CSF- and lL-4-containinff medium. On dav 7. 
DCs were collected, washed three times with PBS. and serum-stai-ved for 
8 h bv incubating in serum-free RPMl 1640 containing G.M-CSF and lL-4 
(2 X luVml) at iTC m a CO, (5%) incubator. Subsequently, DCs (2 X 
lO'/saraple) were incubated at 37°C in the absence or presence ot c-di- 
GMP or GMP (Siema-Aldrich) at concentrations specified for 5 or 30 min. 
At the end ot the iiicubalion. the stimulation was immedialely stopped bv 
the addition of large amounts of ice-cold PBS {10-fold). The cells were 
cenlnfuged at 1500 x g tor 5 mm at 4"C. washed with cold PBS. and Ivsed 
by SDS sample butter (62.5 mM Tris-HCl (pH 6.8) at 25°C. 2% w/v SDS. 
10% glycerol, 50 mM DTT. and 0,01% broraphenol blue). The lysates 
were sonicated for 10 s to shear DNA. boiled for 5 mm. and cooled down 



Preparation and treatment of human pDCs 

Venipuncture was performed on consenting adults using approved proto- 
cols. pEfCs were prepared, as previously de.scribed (29), using a two-step 
procedure involving Pcrcoll density centrifugation followed with selection 
for blood DC Ag 4-positive cells (Miltenyi Biotec). The capacity of c-di- 
GMP to induce lFN-« from these cells was assessed using cell culture and 
ELISA protocols also previously described (29) and was simultaneously 
compared with the IFN-ct produced by pDCs in response to cells stimulated 
with CpG oligodeoxynucleotide (ODN) 2216 (2.5). 

Prepamtion and treatment of human M-CSF-induced 

monocyte-derived macrophages 

Preparation of macrophages was perfomied as previously described (30). 
Bnefly, fully diflerentialed macrophages from human PBMCs were iso- 
lated from leukaphercsis preparations obtained by the Blood Bank, Clinical 
Center, National Institutes of Health. The leukocyte-rich preparation was 
overlaid on .^ccu-Prep in 50-ml tubes and the tubes were centrifuged at 
800 X g for 20 min at room temperature. PBMC fractions were collected, 
washed once with PBS at room temperature and twice witli complete me- 
dium at 4''C, and resuspeuded in the same medium. .Vlonocytes were fur- 
ther purified by using iso-osmotic PercoU gradient (Amersham Bio- 
sciences I. At this stage, the purity of monocytes was higher than 90%. One 
and half million cells were placed on a 12-well plate in 1.5 ml of 
RPM11640 containing 50 ng/ml human M-CSF. On day 4, 1 ml of the 
medium was replaced wilh 1 ml of fresh medium containing 50 ng of 
human M-CSF. On day 7, nonadherent cells were washed out and adherent 
cells were used as macrophages. 

Quantitative PCR (QPCR) 

Total RNA was extracted using the RNeasy kit according to the manufac- 
turer's protocol (Qiagen). Briefly, attei- DNase 1 (Invitrogcn life Technol- 
ogies ) treatment, 1 fig of total RNA from each sample was used as template 
for the reverse transcription reaction. Fifty microliters of cDNA was syn- 
thesized using oligo(dT) („ random hexamers, and multiscribe reverse tran- 
scriptase (Applied Biosystcms). All .samples were reverse transcribed un- 
der the same conditions (25°C for 10 min, 48°C for 30 min) and from the 
same reverse transcription master mix to minimize diffetences in reverse 
transcription efficiency. All oligonucleotide primers for QFCR were de- 
signed using Pi-imer Express software 1.0 (PE Biosysteras) and synthesized 
by Invitrogcn Life Technologies, The 25-/xl QPCR contains 2 fil of cDNA, 
12.5 fil of 2X SYBR Green master mix (Stiatagene), and 250 nmol of 
sense and antisense primer. The reaction conditions were as follows: 50°C 
for 2 min, 95=C for 10 min, tlien 40 cycles of 95^ for 15 s and 60''C for 
1 mill. Emitted fluorescence for each reaction was measured during the 
armealing/extension phase, and amplification plots were analyzed using the 
MX4000 software version 3.0 (Stratagenc). Quantity values (i.e., copies) 
for gene expression were generated by comparison of the fluorescence 
generated by each sample with standard curves of known quantities. Next, 
the ciilculated number of copies was divided by the number of copies of 
GAPDH. 



Qmntitation of murme cvtokmes bv tJJSA 

Murine IL-is and 1 NF protein levels m the DC culture supernatant were 
measured bv sandwich F.L1SA (R&D Systems). 

1 cell proliferation assay 

Immature DCs and c-di-GMP-trcated DCs were washed three times, di- 
luted m fresh complete medium, and used as allogemc stimulators. Cells 
were seeded in 96-wel] round-boliom culture plates with APC serial dilu- 
tions, ranging fro.m 20.000 to 400 DCs/well, and were mixed along with 
t Lshlv pjiitied C Di" T IK ( l(K) 0(10' \i.ll) After 5 divs u mcul aon 
cells were pulsed with 1 ;xCi of | 'Hlthyraidine/well for 18 h and were 
harvested on filter paper. Prolilerative responses were measured as 
|"H]thymidme incorporation by an automatic beta counter. Tests were per- 
formed m triplicates, and results were expressed as the mean cpni- 

tlow cvtoinetrv 

Surface expression of various markers was assessed using CellQuest anal- 
ysis software on a FACSCalibur (BD Biosciences) flow cvtometer. Surface 
expression was determined u.smg the following FlIC- and PE-conjug.ated 
Abs: CD86-Fi rC (Research Diagnostics). CCR7-PE (R&D Systems), and 
CD80-FITC. CD83-FITC. HLA-DR-FITC (BD Phamiingen). ITie isotype 
control Abs were used accordingly in all expemneiiLs iind were purchased 
from BD Pharmmsien. Human DCs were incubated in ]% human AB se- 
rum/PBS and incubated with rat anti-CD 16/CDj2 (BD Pharmingen) to 
block non.spccific binding. 

SDS-PAGE and Western hlot 

DCs. The lysates were loaded (15 /xl/lane) and separated on a 4-12% 
NuPAGE Bis-Tris gel (Invitrogen Life Technologies) using 1 X NuPAGE 
MES SDS running buffer (Invitrogcn Life Technologies) as the electrode 
buffer. SccBlue Plus2 (Invitrogen Life Technologies) was used as molec- 
ular size marker. .After electrophoresis, proteins in the gel were electi'o- 
transferred (25 V constant for 1 h) onto a piece ol Immobilon membrane 
(Millipore) using Ix NuPAGb translcr hulfcr (Invitrogen Life Technolo- 
gies), The membrane was sequentially washed, blocked for 1 h at room 
temperature, washed, and incubated at 4'C overnight in the presence of a 
1/1000 dilution of rabbit anti-phospho-p38 MAPK Ab (Cell SignaHng 
Technology), On the next day, the membrane was washed and incubated 
with a 1/2000 dilution of IIPR-conjugated anti-rabbit IgG (Cell Signaling 
Technology) for 1 h. After washing, and incubation with a working solu- 
tion of ECL Plus Westem Blotting Detection System (Amersham Bio- 
sciences) for 5 rain at room temperature, the membrane was exposed to a 
piece of BioMax x-rav film (Kodak), The x-ray film was developed using 
an automatic processor (Kodak X-OMAT 200.A). The same membrane was 
stripped and probed for p38 MAPK protein essentially in the same manner 
except rabbit anti-p3S Ab (Cell Signaling Technology) as the primtiry Ab 
was used. 

Macrophages. Western blot analysis of maciophages was performed as 
previously described (31). Briefly, prepared macrophages were starved in 
RPMI 1640 without FCS for 10 h. Cells were rinsed three times with PBS 
and treated with cyclic dinucleotide for various times. Cells were Ivsed on 
ice for 20 min in a buffer containing 50 mM NaCl, 20 mM Tris-HCl, 50 
mM sodium fluoride, 30 mM NaiP-^Oy, 5 mM EGTA. 3 mM sodium or- 
Ihovanadate, 1% Triton X-100, 1 mg/ml leupeptin. 1 mM PMSF, 1 mg/ml 
aprotinin, I mg/ml pepstatin A, and 100 ^^M sodium orthovanadate pre- 
treatcd with HjO^. The lysates were spun in a microcentrifuge for 20 min 
and the supernatants were collected. Proteins were analyzed on 12% poly- 
acrylamide gels by SDS-PAOh and traiislertcd elcctTophorcticallv to ni- 
trocellulose membranes at 150 m.A for 1 h in a semidry svstem. Tne mem- 
branes were incubated witli an Ab again.st either phosphoiylated or 
iionphosphorylated p38 .MAPK or ElUC, followed by an appropriate sec- 
ondary Ab coupled with HRP. Peroxidase activity was visualized using 
LumiCiLO (Cell Signaling Technology). 

TLR and nucleotide-binding oligomerization domain (Nod) 
studies 

For TLR studies, the human embryonic kidney (HEK) cell line HEK 
293(CRL-1573) from American Type Culture Collection was used. HEK 
293 cell clones stably expressing TLRs were generated by transfection of 
TLR cDNA, G'II8 antibiotic selection, and FACS sorting. HEK 293 cells 
were cultured in DMEM supplemented with 10% FBS. Cells were plated 
in 24-well tissue culture plates {1 X 10' cells/well) and maintained in the 
above medium for 24 h. The following day, cells were either left untreated 
or incubated with the indicated amount of TLR ligand. After the 3-h treat- 
ment period, cells were harvested for total RNA using ttie Qiagen RNeasy 
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(50 nmoles) (200 ninoles) 

I1GURE 2. Prelreatment pi-otective effect of c-rli-GMP. c-di-GMP was 
administered 12 and 6 ti before infecbon with S. aureus. Lactatine; mice 
were infected by intramammarv inoculation and the infection was allowed 
for 10 h hetore mammary glands were harvested for bactenal CFIJ deter- 
mination, hach circle on the graph corresponds to the number of ChU per 
gram ol gland for an individual gland. Mean values are indicated and show 
that prophylaxis with c-di-GMP sigmhcantlv reduced the level ot S. aureus 
colonization m a dose-dependent manner (*. p < QX}^\ ***. p < 0 tX)l) 



kit per the manutacturer s protocol. The total RNA was converted to cONA 
and OPCR was performed to determine the number ot copies ot IL-8. For 
Nod studies, expenments examining the synergistic activation ot NF-icB bv 
c-di-GMP in cells overexpressing Nodi or Nod2 were conducted as pre- 
viously described (32). Brieflv, HEK 293 T cells were Iransfected over- 
night with 30 n.g ot Nodi or Nod2 plus 75 ng of IgK luciferase reporter 
plasmid Ten nmo^i uns of i ton^litutivt Rimlla lu itciase icporct was 
also transtecied into cells lo adjust tor transtcction cthcicncv. At the same 
time. 20U ixM c-di-GMP. /V-acetvlmuramN'l-L-Ala-y-D-Glu-me.m-DAP 
(Nodi Iieand) nr murairivl dipepride (Nod2 liirandl were added and the 

lowing i4 h ol coincubation. NF-Kb-dependent lucttcrase assavs were 
based on two indcDendcnt experiments performed in duphcate. 

Stalnlitv of c-di-GMP in human serum 

Commercially supphed pooled human serum (100 ;il: Cambrex) was di- 
luted in lon-exchanged water. An aliquot of the resultmg human serum 
solution was subjected to HPl.C analysis (conditions: COSMOSIL 5C1X- 
AR-II column (4.6 X 200 mm): buffer A: buffer B. 80% acetonitrile in 
water; gradient. 0-10 min A (100%). 10-60 min A:B = 100:0 to A:B 
40:60 m 50 mm: detection 2s4 nm. flow rate. 1.0 ml/min. temperature 
40-Ct. Separately, a 100 (aM c-di-GMP solution in human serum was 
prepared by adding 100 juI of a 500 jaM c-di-GMP aqueous .solution to a 



mixture of 390 n.1 of human serum and 10 m1 of 40 mM 2-methylbenzimi ■ 
da/ole (an internal .standard for estimating the extent of decomposition of 
c-di-GMP) in methanol. An aliquot of the test solution was diluted imme- 
diately after the preparation solution and then heated at 100°C for 5 min to 
quench activity of the enzymes. The resulting test sample was subjected to 
HPLC analysis after a 24-h treatment. Peaks that appeared In both analyses 
were compared. Results are based on three independent experiments. 

Results 

Prophylactic pretreatment of mice with c-di-GMP inhibits 
infection in vivo 

We previously reported that intramainmar>' injections of c-di-GMP 
sigmhcantlv decreased the colotuzation of the mouse marnma-v 
gland.s by 5. aureus when the cyclic dinucleotide was administered 
twice, at the tiiTie of the bacterial challenge, and at 4 h alter inoc- 
ulation (21 J. In this study, we liirlher investigated vfhether c-di- 
GMP had anv prophylactic ellect when provided hours before the 
bactenal inoculation or the mouse mammtiry glands. We hrst per- 
formed an in vivo study to address the following questions: is 
c-di-OMP stable in tissues al the site of infection and will c-di- 
GMP stimulate a host immune response? In this studv. c-di-GMP 
was given -12 h and -6 h before bactenal challenge. Even 
thou ah the mammai v glands were fiill of milk (—250 ^1) at the 
uinc ol injection with infectious bactena. Fig. 2 shows that pre- 
ireutincnt wiih c-di-GMP 12 and 6 h before bacterial challenge 
produces a sigmhcant prophylactic eftect with a 1.5 and 3.b log 
(~ 10,000-fold) reduction of the mean bacterial CPU in tissues 
using a 50- and 200-nmol dose, respectively, compared with the 
unu-eated control {p < 0.05 and p < 0.001. respectively). Had 
c-di-GMP only inhibited biofilm formation, as previously shown in 
our m vitro (19) and in vivo models (21). we would not have 
expected to find such dramatically reduced nuntbers of bacterial 
^IK Ixtw pruu i d tnd nontreatcd miLe These r-'sults stig 
gest that c-di GMP might stimulate the mnate immune response. 

c-di-GMP has adjuvant propernes 

Based on our previous in vivo results suggestins; that c-di-GMP 
stimulates the host respon.se and uihibits intection. we performed 
additional experiments to address basic timdiunental questions on 
the effects of c-di-GMP on the host immune response. To evaluate 
the possibility tliat c-di-GMP could also act as an adjuvant- tlie 



FIGURE 3. Adjuvant effects of c-di-GMP. A, Abs in 
serum of mice vaccinated with the ClfA Ag, with or 
without concomitant admimstration of c-di-GMP, as de- 
tected by ELISA. The histogram shows optical densities 
for serum samples that were diluted 1/1000 (*«*, p < 
0.00!). /?, OD ratios (c-di-GMP/saline group) for results 
shown in A. C, Totid IgG and D, lgG2a and IgGl iso- 
types for scrum samples diluted as shown. C and D, h'or 
each paiticular type of Ab assay and dilution tested, OD 
results for mice injected with c-di-GMP vs saline are 
statistically diflerent from each other (p < 0.001), as 
found by one-way ANOVA used in conjunction with 
the Bonferroni post hoc test. 
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R3;1J0% R3;3 17% R3: 5.6,9 % R3: 8.99 % F4/80^il9h LY-BC?"*'' 

R2:aiO% R2;0,33% R2: 38,08 % R2: 8.56 % granulooytes 

R4:0.10% R4:0.37% R4:38 23 % R4:9.53% F4/80™'^ LY-eGhiSh 

FIGURE 4. Intraperitoneal miecOon ot c-di-GMP activates monocvtos and grantilocvte recruitment. Peritoneal lliud was analyzed by FACS analysis 1 8 h 
alter injection ot 200 nmol of c^di-CMP or 50 iJ.g of LPS. A. Contour plot of F4/H0/LY-6G and CDl 1 b/LY-6G showing recruitment of F4/80'"=5'' LY-SG""' 
(monocytes) and F4/80- LY -6G' -=' (granulocytes). B. Histogram showing recruitment ot macrophages and granulocytes. These results are representative 
of three independent experiments with three animals per group. Difterenoe in relation to controls are denoted bv an asterisk for p < 0.05. 



cvclic dmucleotide was comjected into mice with the recombinant 
ClfA Ag. a surface adhesion protein of S. aureus (33). Following 
vaccination with two i.m. injections ot a mixture of CltA and c-di- 
GMP. serum samples analyzed 12 days after the last miection (i.e.. 
day 26) showed sigmhcantly hisher anti-ClfA IgG Ab titers (p 
< 0.001) compai-ed with iniections of ClfA alone fFig. 3). ELISA 
showed optical densities for total IgG and tor the IgGl and lgG2a 
isotvpcs that were above or around 0.5 at serum dilutions of 
1/64,000 and 1/16,000, respectively, for the c-di-GMP-treated 
sroup. whereas OD densiues were below 0.5 for serum dilutions 
.> 1/1,000 tor the group vaccinated with ClfA without c-di-GMP 
(Fig. 3D). In Fig. 3, C and D, for each particular type of Ab assav 
and dilution tested, OD results for mice iniected with c-di-GMP vs 
saline are statisticallv different from each other (p < 0.001). as 
tound bv one-way ANOV,4 used in conjunction with the Bonfer^ 
roni post hoc test. Thus, ni terms of OD values at a serum dilution 
of 1/1000, c-di-GMP coinjection increased total IgG by 7.7 times. 
leGl by 3.6 times, and lgG2a by 208.9 times (Fig. 3B). The rel- 
ative increase in production ot lgG2a in the presence oi c-di-GMP 
indicates activation ot the Thl pathway. Although we cannot con- 
firm Ag-specifac cytokine production without testing, the other re- 
sults suggest this. In any case, the data clearly demonstrate that 
c-ai-GMP improves ad proauction. 

c-di-GMP activates monocytes and granulocyte recruitment 

In support of the imnmnosliinulalory activity mediated by c-di- 
GMP, studies in naive mice injected i.p. with c-di-GMP show that 
c-di-GMP induced the recruitment of F4/80'''-""' LY-6G"''^ (mono- 
cytes) and F4/80'""' LY-eG"^"'' (granulocytes). Fig. 4 shows the 
results of studies in which FACS analysis using F4/80, LY-6G, 
and CD lib Ab was used to identify monocytes and granulocytes 
in peritoneal lavage at 18 h following i.p. injection of 200 nmol 
of c-di-GMP and 50 fig of LPS (positive control). The in vivo 
recruitment of monocytes and granulocytes into the peritoneal 
cavity in response to c-di-GMP is likely the outcome of local 



induction ot certain chemokmes (such as MCP-1) and the en- 
hancement of adhesion molecules on either monocytes or en- 
dothelial cells. 




untr«ated e-di-GMP LPS 



FIGURK S. c-di-GMP activates murine DCs. A, Murine splenic DCs 
were stimulated with 200 /xM c-di-GMP for 24 h and stained with PE- or 
FITC-conjugated .A.bs specific for CDSO and CD86. B, The concentrations 
of the cytokines IL-8 and TNF in the above supematants were measured by 
ELISA. The results shown are represeuUitive of three similar experiments. 
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FIGLRE 6. c-di-GMP activates the mat- 
uration ot human DCs. A, Human immature 
DCs were stimulated with 200 c-di- 
GMP for 24 h. Cells were stained with PE- 
conjugated Ab specific for CD83 or isotype 
control and were examined by flow cvtom • 
etry. B, Dose response ol DCs to c-di-GMP. 
This is a representative histogram of CD83 
staining of LPS- and c-di-GMP-treated im- 
mature DCs. C, Immature DCs were treated 
with 200 ^lM c-di-GMP for 24 h and stained 
with PE- or FlTC-conjugated Abs specific 
for CD80, CD86. CCR7, or MHC class II. 
LPS stimulation ol immature DCs was used 
as a positive control m all experiments. The 
bar graph represents the ratio or the MFl ot 
the marker specilit Aba lo the ViM ol the 
isotype control. The results shown ai^e trom 
a smgle expemnent with a single donor and 
are representative of lliree similar experi- 
ments. *,p< 0.01, as determined by Stu- 
dent's / test and error bars indicate SD of 
triplicate rr 
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c-diGMP maUires murine DCs 

We decided lo test whether c-di-GMP could also induce matura- 
tion of DCs. DCs are central in the immune response as they sense 
infection and respond appropriately to induce T cell immunity and 
promote a Thl immune response. Maturtition of DCs and their 
ability to become potent APC is critical for imtiation of immune 
responses. 

Primary murine CDl lc~ DCs were isolated from the spleen of 
C57BL/6 mice and treated with 200 /^M c-di-GMP for 24 h. We 
observed an increase in the surface expression of the costimulatory 
molecules CD80 and CD86 (Fig. 5). LPS-treated DCs were used as 
a positive control in this study and also induced a mature pheno- 
type. To test whether c-di-GMP could induce the production of 
proinflammatory cytokines and chemokines, we analyzed the su- 
pematants of c-di-GMP-treated DCs. We observed ati increase in 
TNI- and lL-8 protein in the supernatant of c-di-GMP-treated mu- 
rine DCs (Fig. 5). 

c-di-GMP matures human DCs 

We decided to also test whether c-di-GMP could induce the mat- 
uration and activation of human DCs. We used an in vitro culture 

system for the production of human monocyte-derived DCs in 
which adherent human inonocyte-derived DCs prepared from ad- 
herent PBMCs cultured in IL-4 and GM-CSF lor 5 days were used 
in these experiments. Immature DCs (defined by FACS analysis in 
which DCs expression no CD 14 or CD83, but high levels of 
CDl Ic) were treated for 24 h with 5-500 fx-M c-di-GMP. Fig. 6A 
shows a representative histogram comparing the increased expres- 
sion of CD83 in DCs treated with 200 jaM c-di-GMP (net mean 
fluorescent intensity (MFI) = 63.34) compared with that of un- 
treated cells (net MFI = 4.89) or cells treated with LPS (net 
MFl = 141.22) used as negative and positive controls, respec- 



tively. A dose-dependent increase in surface CD83 expression was 
observed on cells treated with a wide range of c-di-GMP concen- 
trations, with significant uicreases beginning at 32 ^xM and spiking 
at 500 mM, the highest concentration tested (Fig. 65). We also 
observed an increase in the expression ol" other maturation makers 
(CD80, CD86. CCR7, and MHC class II) on DCs treated with 200 
fLM c-di-GMP (Fig. 60. 

Cytokine, chemokine, and chemokine receptor expression 
in c-di-GMP-induced DC maturation 

To examine the potential of c-di-GMP-treated DCs in activating 
and/or recruiting other effector cells to sites of infection, we mea- 
sured whether cytokine, chemokine. and chemokine receptor ex- 
pression is altered in DCs treated with c-di-GMP. c-di-GMP stiin- 
ulaled rnRNA expression of the regulatory cytokine IFN-a, the 
proindammatory cytokines IL-lj3 and TNF, as well as the Thl 
cytokines IFN-y and IL-12p40 (Fig. 7A). We found no evidence 
for the induction of Th2 cytokines (lL-4, IL-5, IL-10, IL-13) by 
c-di-GMP-treated human DCs. To demonstrate that increases in 
IL-8 and lFN-7-inducible protein 10 rnRNA levels were accom- 
pMied by protein production, FiLISA was performed on the su- 
pernatants of DCs stimulated with c-di-GMP stimulated for 24 h. 
These data were consistent with the niRN.A, results (data not 
shown). Fig. IB shows that u-eatment with c-di-GMP caused an 
increased mRNA expression of several chemokines in DCs, nota- 
bly IL-8/CXCL,8, monokine induced by IFN-7 (MIG)/CXCL9, 
lFN-7-inducible protein 10/CXCLlO, IFN-inducible T cell a che- 
moattractant/CXCLll, MCP-1/CCL2, MIP-la/CCL3, MlP-lb/ 
CCL4, and RANTES/CCL5. 

The migration of DCs from the periphery, where they encounter 
and take up foreign Ag, to the T cell area of the lymph nodes is an 
important aspect of immunity. To determine the potential c-di-GMP 



The Journal of Immunology 



2177 



A * 



IIGURE 7. Cyokine, chemokine. and cheraokme re- 
ceptor expression during c-di-GMP-mduced DC matu- 
ration. Expression of cytokines (A), chemokines (B). 
and chemokine receptors (Q were quantiiied bv QPCR. 
Total RNA was extracted from 100,0(M) cells strmulated 
with 200 IJ.M c-di-GMP for 1, 3, 8, and 24 h or 100 
ng/ml LPS for 8 It and the number of transcripts !S nor- 
malized to the number of copies of OAPDH. Eiror bars 
indicate SD of triplicate n 
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has in affecting ECs trafficking, we measured expression ol chemo- 
kine receptors in cells stimulated with c-di-GMP. We found that 
the chemokine receptors CCRl and CCR5 were down-regu- 
lated, whereas CXCR4 and the lymph node homing receptor 
CCR7 were up-regulated on DCs following c-di-GMP treatment 
(Fig. 7C). 

To rule out the possibility that the unmtinostimulatory effects of 
c-di-GMP were not due to the presence of LPS endotoxin contam- 
ination in the synthetic c-di-GMP preparation, we performed a 
Limulus amebocyte lysate assay. We found that the highest dose of 
c-di-GMP (500 (liM) used in our experiments did not contain LPS 
(<3 pg/ml LPS), 

Effect on human pDCs 

Since pDCs represent a separate DC lineage compared to those of 
myeloid origin, we did test whether c-di-GMP might also activate 
these cells for cytokine secretion, namely, IFN-a secretion. In two 
independent experiments done in duplicate, c-di-GMP was nega- 
tive for inducing this type J IFN. In contrast, both pDC prepara- 
tions produced IFN-a in response to stimulation widi the type A 
CpG oligodeoxynucleotide ODN-2216 (data not shown). 

c-di-GMP enhances T cell stimulatory activity 
Another featare of DC maturation is an enhanced ability to stim- 
ulate T cells due to increased MHC and costimulatory receptor 
expression. Therefore, to determine whether c-di-GMP-treated 



DCs have an enhanced abilily to stimulate T cells, a T cell pro- 
liferation assay was performed. Immature DCs, LPS-treated DCs, 
and c-di-GMP-treated DCs were cocultured with T cells lor 6 days, 
and allospecific T cell proliferation was measured by radiolabeled 
thymidine incorporation. Fig. 8 shows that T cell proliferation was 
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FIGURE 8. c-di-GMP-raatured DCs have enhanced T cell stimulatory ac- 
tivity in viti-o. Immami-e DCs were stimulated with 200 (xM for 24 h. Purified 
T cells were then added to DCs at tlie ratio indicated and were allowed to 
incubate for an additional 5 days. On day 6, 1 fiCi/well f'H]lhyraidine was 
lidded and allowed to incubate for an additional 18 h. T cell proliferation was 
measured by r^Hlthyraidine uptake (cpm). *, p < 0.01, as determined by 
Student's t test and enw bm^s indicate SD of triplicate measurements. 
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FIGURE 9. c-di-GMP induces signalme m DCs and macrophages. A, 
/\clivaiion ol p3& My\PtC m human i)Cs. IminaUire DCs suurved overnight 
were incubated rn the absence or presence of c-di-GMP or GMP at spec- 

ilied concentrations (micromolar) lor 5 or 30 mm. Similar results vvere 
louiid in three independent experiments. B, Activation of ERK in human 
macrophages. Macrophages were exposed to c-di-U.VlP for 5 mm. 1-ollow- 
mg exposure to c-di-GMP. DCs and macrophages were harvested to make 
cell lysates. Identical amount ot cell lysatcs was separated on a 4-12% 
gradient PAGE gel, transferred onto a piece of ixilyviiiyhdene difluoiiue 
membrane, and analyzed by Western blot with ttie u.se of Abs. 

markedly up-regulated (4- lo 7-lokli in cocultures receiving DCs 
pretreated with c-dr-GMP. and this wa.s identical to that seen in 
cocullures receiving LPS stimulated DCs. 

c-di-GMP activation of p38 MAPK in human DCs 
To determine whether c-dt-GMP could activate intracellular sig- 
naling, we investigated the eftect of c-di-GMP on the activation of 
p38 MAPK. As shown in Fig. 9A, c-di-GMP did not activate 
NF-kB (since it did not activate IkBo; degradation), but activated 
p38 MAPK (as indicated by the increase m the phosphor-p38 at 
both 5- and 20-mm treaimeni ). LPS and GMP were used as pos- 
itive and negative controls, respectively. In addition, c-di-GMPdid 
not activate either ERK (data not shown). Smce TNF expression is 
regulated by NF-kP. and we onlv examined up to 30 mm alter Ihe 
addition of c-di-GMP, we cannot rule out activation of NF-kB at 



some later time point. These results vvere reproduced in four in- 
dependent experiments using different donor-derived DCs. 

Phosphorylated ERK signaling in human imcrophages 
Based on three independent experiments, although there was no 
phosphorylation of p38 MAPK detected under the conditions 
tested, we found that c-di-GMP (10 and iOO AiM) activates ERK 
phosphorylation in human M-CSF-induced monocyte-derived 
macrophages (Fig. 9B). The magnitude of c-di-GMP activation of 
ERK phosphorylation was weaker than that by LPS under the con- 
ditions tested. ERK phosphoi^lation peaked at 5 min and was ab- 
sent at 20 min, which was earlier than that compared with LPS- 
induced ERK phosphorylation. 

c-di-GMP -induced cell activation is TLR and Nod independent 
It has been previously shown that Iipopephdes, LPS, dsRNAs, 
tlagellm, ssRNAs, and CpG DNA induce cellular activation via 
TLRs and that these pathogen-associated factors can induce DC 
maturation. Because vanous nucleotide structures have been 
shown to stimulate DCs through TLRs. we hvpothesized that c-di- 
GMP may also induce cellular activation through a TLR-depen- 
dent mechanism. To test this hypothesis. HEK cells, which are 
normally unresponsive to ILR hgand stimulation, were stably 
transfected with TLRl/2, TLR3, TLR4/MD2, TLRS. TLR2/6. 
TLR7, TLRS, and TLR9. As expected, these cell lines re- 
sponded to TLR hgaiids according to their ILR expression profile 
(I e , FLRS dsRN A. 'I LR4/MD2 LPS), however none ot the TLR- 
expressmg cell lines were activated by c-di-GMP (Fig. 10). In 
addition to our earlier results showing no LPS contaminanon by 
the Lmiilus amebocvte lysate assay, bv tailing to center TLR re- 
sponsiveness to c-di-GMP (i.e.. c-di-GMP failed to stimulate the 
LPS-sensitive MD2/TLR4-HEK cell line), the data confirm that 
the immune-enhancing activitv ot c-di-GMP is not due to anv LPS 
contamination. Furthermore, we lound that neither Nodi or Nod2 
responded to c-di-GMP (data not shown). These results suggest 
tnat c-di-OMP immunostimulation does not involve any known 
TLR or Nod. 

c-di-GMP 1.1 stable w human serum 

HPLC analysis of the stability of c-di-GMP m human serum after 

24 h at 37-C showed only one eminent peak due to a nucleotide at 
the same retention time, which is identical to the retention time of 
monomenc c-di-GMP (data not shown). These results indicate that 
100 pM c-di-GMP underwent no change in size and two-dimen- 
sional slructure. Similar results were obtained with 500 pM c-di- 
GMP in which the ratio of the peaks due to c-di-GMP and the 
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internal standard 2-methj'lbeiizimidazole were ~100%, further in- 
dicating that no decomposition of c-di-GMP had taken place in 
human serum (data not shown). No peaks due to linear GpGp or 
pGpG and 5'-GMP were detected. The results of the HPLC anal- 
ysis of human serum only (data not shown) show that three peaks 
were obser\'ed at retention times of ~5, 20, and 50 min. However, 
these peaks did not overlap with those due to c-di-GMP and 
2-benzimidazole used for the internal standard. The internal stan- 
dard 2-methylbenzimidazole was used tecause our data show that 
this compound is fairly soluble in water, methanol, and acetonitrile 
(solvents used for the preparation of the test solution and HPLC 
analysis), does not react with c-di-GMP, and is stable in human 
serum. Overall, these results suggest that c-di-GMP is stable in 
senun in addition to tissues (e.g., mammary gland). 

Discussion 

The cyclic dinucleotide c-di-GMP is now recognized as a wide- 
spread intracellular signaling molecule in prokai^otes (2, 3, 5-18). 
We have explored the extraceEular biological eifects of c-di-GMP 
and its potential use as a therapeutic agent. We have recently 
shown that extracellular c-di-GMP specifically inhibits S. aureus 
cell-cell interactions, biofilm formation, and adherence to HeLa 
epithelial cells in vitro (19). Furthermore, we have shown that 
c-di-GMP treatment significantly attenuates S. aureus infection in 
a mouse mastitis model (21). 

In the current study, we demonstrate that pretreahnent of mice 
with c-di-GMP has a significant protective and prophylactic elTecl 
against 5. aureus infection when c-di-GMP was administered 12 
and 6 h before bacterial inoculation in the mouse mammary glands. 
S. aureus infections such as bovine mastitis are diflicull to treat and 
relapsing infections frequently occur (34). The ability oi' S. aureus 
to enter and survive in phagocytic and nonphagocytic cells has 
been recognized and often correlates with the high frequency of 
relapse after antimicrobial therapy (35-37). Also, to date it has 
been difficult to develop a highly protective vaccine for S. aureus 
(38. 39) and no vaccine that generates both humoral and cell- 
mediated responses that would be adequate for intracellular patho- 
gens (40-42) is available although DNA-based vaccines are prom- 
ising (43). Not only does c-di-GMP have a protective efl'ect against 
S. aureus infection but when given along with an Ag as part of a 
vaccine strategy, c-di-GMP promotes an Ag-specific immune re- 
sponse (adjuvant effect). This immunostimulatory effect is perhaps 
largely due to the capability of c-di-GMP to induce phenotypic and 
functional maturation/activation of myeloid DCs, but not pDCs. 

Although our results show that DCs release MCP-1 in response 
to c-di-GMP, we do not believe that DC-derived MCP-1 is recruit- 
ing monocytes since MCP-1 release from activated macrophages is 
a more natural occurrence. As our data suggested that i.p. injection 
of c-di-GMP ccui activate monocyte and granulocyte recruitment, 
we propose thai c-di-GMP might activate resident peritoneal 
macrophages to produce or release monocyte chemoattractants, 
such as MCP-l. 

Consistent with an ability lo act as an immunostimulator and 
immune enhancer, our results show that c-di-GMP stimulates both 
mouse and human DC maturation and diiferentiation, Ag-present- 
ing capacity, and enhanced T cell stimulatory actnity, leading to 
an overall Thl response. The irranunostimulatory effect of c-di- 
GMP IS more specilic and not as overwhelming as that seen with 
i ,PS. Supporting an immune enhancer effect, it is known that IL-8 
producium results in enhanced migration of DCs and macro- 
phages. The increase in MIG/CXCL9 (a chemoattractant for acti- 
vated T cells) suggests possible antitumor activity. The ability of 
c-di-GMP to activate mouse and human DCs is consistent with our 
findings iliat pretreatment witli c-di-GMP has a significant pro- 



tective efl'ect in the mouse model of mastitis and it has signif- 
icant adjuvant properties when administered with an Ag, 

Acdvation of the MAPK pathways, including p38, ERK, and 
JNK, are important for the differentiation/maturation of DCs and 
the KF-kB transcription factor is linked to the production of proin- 
flammatory cytoldnes by DCs and has substantial impact on innate 
and adaptive immunity (44-48). The activation of p38 MAPK has 
been shown to play a critical role in the activation of DCs in 
response to a variety of stimuli (49-53). In this study, we tested 
the hyposhesis iliai llic aciion of c-di-GMP on the host immune 
response involves modulation of cell signaling pathways. Since 
c-di-GMP did not aciivate ERIC and JNK iii DCs under the con- 
ditions tested, the exact mechanism by which c-di-GMP activates 
p38 MAPK awaits iunher investigation. However, the ability of 
c-di-GMP to aciivate p38 MAPK in DCs is consistent with its 
ability to induce the maturation of DCs, as evidenced by the up- 
regulation of DC surface costimulatory molecules, cytokines, che- 
mokines, and chemokine receptors, and its capacity to stimulate 
allogeneic MLR. 

Our results showing that mouse i.p. injection of cyclic dinucle- 
otide activates recruitment of monoc3rtes and granulocyte recruit- 
ment suggested that c-di-GMP-activated resident macrophages 
may produce and release monocyte chemoattractants, such as 
MCP-1 (MCP-1/CCL2) (54). MCP-1 plays a major role in the 
recruitment of monocytes into inflammatory sites and its produc- 
tion is dependent on activation of p38 MAPK (55, 56). Based on 
the ability of c-di-GMP to activate monocytes and granulocytes in 
vivo, we examined whether c-di-GMP could activate human 
monocyte-derived macrophages in vitro by evaluating the phos- 
phorylation of two MAPKs, ERK and p38 MAPK, in response to 
c-di-GMP. However, although we detected a transient phosphor- 
ylation of ERK in macrophages, we detected no obvious change in 
p38 MAPK phosphorylation in macrophages under the conditions 
tested. One possible explanation for this difference is that macro- 
phages (p38 MAPK is not induced) and DCs (p38 MAPK is in- 
duced) respond differently to c-di-GMP. Because we found no ef- 
fect on p38 MAPK in macrophages, our results suggest that the m 
vivo recruitment of monocytes, granulocytes, and macrophages by 
c-di-GMP does not result from production of MCP-1. 

One primary host mechanism for detection of pathogens or mi- 
crobial products ("danger signals") is mediated by plasma mem- 
brane-bound pathogen recognition receptors called TLRs. TLRs 
interact with various microbe-associated molecules, and subse- 
quent activation induces up-regulation of costimulatoiy molecule 
expression, production of antimicrobial effector molecules, and se- 
cretion ot proinflammatory cytokines and chemokines. However, it 
is also possible that instead of innate immune signahng at the cell 
surface, signaling might occur in the cytosol in a TLR-in dependent 
manner. An emerging family of pathogen recognition receptors, 
called Nods, also appear to be involved in the recognition of bac- 
terial products and can trigger an innate immune response. Nods 
are cytosolic proteins involved in innate inmiune defense through 
pathways that are likely to be independent of TLR signaling. Al- 
though c-di-GMP is an immunostimulatory molecule derived from 
bacteria, our TLR and Nod tests suggest that immune activation 
does not appear to involve TLRs 1-9 or Nods 1 and 2. In addition, 
the pDC data also indicate that TLR9 is not likely involved. There- 
fore, although the exact receptor-mediated mechanism of c-di- 
GMP immune activation is not yet known, it does not act through 
any currently known TLR or Nod. 

If cyclic dinucleotides (like c-di-GMP) are to be used chnically, 
it is unportant to know their stability in vivo since serum might 
contain mammalian phosphodiesterases that could potentially 
cleave and degiade die molecule. Our results clearly demonstrate 
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that c-di-GMP is stable in pooled human scram and is an advan- 
tageous property for polenluil clinical use. 

The data presented in the cuirens study show that bactenal c-di- 
GMP IS an unmunostiniulatorv molecule and we have previously 
demonstrated that c-di-GMP can inhibit bacterial intection (19.21) 
and has potential m cancer treatment (20j. Due to its microbial 
origin and its eScct on the host response c di GMP can b^ con 
sidercd as a danaer sigml or novel ptthogen associated molecular 
pattern. Our hndmgs with c-di-GMP have some features in com- 
mon with other immunostimulatorv molecules. Bacterial DNA 
contaimng unmethylated CpG motifs is also Known to stimulate 
production of polyclonal Ig and Thl-associated immunomodula- 
tory cytokines including IFN-'v. lL-12. ana INf-a. which provide 
some protection against intracellular pathoaens (39-411. CpG- 
containmg ohgodeoxvnuclcotidcs. which act as rLR9 agonists, are 
recognized as adjuvants modulating mucosal immune responses 
(57), Like CpG, c-di-GMP itself can stimulate an immune re- 
sponse; however, the immunostimulatory abilitv of c-di-GMP is 
ri R independent Our results show that e di GMP also enhances 
a Thl response: 1) pretreatment of mice with c-di-GMP inhibits 
bactenal infection, 2) c-di-GMP preferentially promotes the Ag- 
speciHc IgG2a over IgGl. 3) c-di-GMP up-regulaies IL-12. not 
IL-10. and 4) c-di-GMP preferentiallv stimulates p38 MAPK 
in DCs. 

A potential mechanism of action is that c-di-GMP may interact 
with a putative receptor, trigger an intracellular signal transduction 
cascade resulting in the up- and down-regulation ot genes leaduig 
to the mobilization and activation of monocytes and granulocytes 
and DCs. and hence the mhibition ot mtection and enhancement of 
Ag-specific immune responses. Our data do indicate the tnggenng 
of intracellular signal transduction cascades. However, the exact 
receptor (membrane or intracellular) c-di-GMP utihzes is currently 
under investigation; our data rule out the involvement of all known 
TLRs and Nods. 

In human and animal vaccine development, a major drawback to 
the development ot novel vaccines has been the lack of safe, yet 
effective adjuvants. For example, biphasic lipid vesicles have been 
proposed for the delivery of ohgo/polvnucleoddes (58). The dem- 
onstration that the c-di-GMP acted as an adjuvant lor vaccination 
with S. aureus ClfA Ag when coin|ected i.m. indicates good bio- 
availabihty without the requirement of specific delivery systems or 
formulations. In addition to its use alone in preventing infection, it 
will be miorcsung to see whether c-di-GMP coadministered with 
othti V^s 01 ui i"" d \ u cir e prcpintion impioves protection 
against subsequent challenge. 

The inhibition against experimental S. aureus infection in tmce 
clearly establishes a polenual clmieal use for the protective effect 
of c-di-GMP against infection (prevention). Another potential use 
IS tor increasing the immunity status of individuals or a population 
either at known nsk of developing disease to reduce infection 
( inetaphvlaxis ) or during periods ot known disease susceptibihty 
or immune suppression (■■immune restoration '). Since c-di-GMP 
targets the host immune response, these molecules would also be 
protected from most ot the bactenal resistance mechanisms found 
m microorganisms that affect soecific classes of antibiotics. We 
propose iliat cyclic dniucleolides. such as c-di-GMP. represent ii 
new class ot immunotherapeulic molecules. 

In conclusion, this studv constitutes a novel investigation mto 
the biological etfects ol c di GMP on the immune response and u 
potential clinical use. Our findings from various in vivo models 
(infection, adjuvant, and monocyte and granulocyte recruitment) 
using different routes of administration (mtramainmary. i.m.. and 
i.p.) demonstrate that c-di-GMP is an immunosumulatory mole- 
cule triggering innate and adaptive iininuue responses We also 



show, using m vitro models, that c-di-GMP activates human 
monocyte-denved DCs and acts like an adjuvant. We propose that 
cvclic dmucleotides like c-di-GMP have broad activitv and can be 
used chnically m humans and ammals as an immune enhancer, 
unmunotherapeiilic and immunoprophvlactic agent, or as a vaccine 
adjuvant to inhibit infection and disease. 
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